Investigating the genetic and physiological drivers of postweaning residual feed intake (RFI) and finishing phase feed efficiency (FE) may identify underlying mechanisms that are responsible for the variation in these complex FE traits. The objectives were 1) to evaluate the relationship of serum IGF-I concentration and muscle gene expression with postweaning RFI and sire maintenance energy (ME M ) EPD and 2) to determine fiber type composition as it relates to postweaning RFI and finishing phase FE. Results indicate that RFI and serum IGF-I concentration were not associated (P > 0.05); however, negative correlations (P < 0.05) between sire ME M EPD and serum IGF-I concentration were observed. Gene expression differences between high-and low-RFI animals were observed in cohort 1, where IGFBP5 expression was greater (P < 0.05) in high-RFI animals. When animals were grouped according to sire ME M EPD, the low ME M EPD group of cohort 1 showed greater muscle mRNA expression (P < 0.01) of fatty acid synthase (FASN) and marginally (P < 0.10) greater expression of IGFBP5 and C/EBP alpha (C/EBPα) whereas the high ME M EPD group of cohort 2 had greater muscle mRNA expression of IGFBP2 (P < 0.05) and C/EBPα (P ≤ 0.01) and marginally (P < 0.10) greater expression of IGFBP3. Biopsy tissue samples collected at harvest revealed that the percentage of type IIa fibers was lower (P ≤ 0.05) in high-RFI steers, with a similar trend (P < 0.10) being observed in high finishing phase FE steers. The percentage of type IIb fibers was higher (P < 0.05) in high-RFI (and finishing phase FE) steers than in low-RFI (and finishing phase FE) steers. There was a marginal, negative correlation between RFI and type I (r = -0.36, P = 0.08) and IIa (r = -0.37, P = 0.07) fiber percentages and a positive correlation (r = 0.48, P = 0.01) between RFI and type IIb fiber percentage whereas finishing phase FE was negatively correlated (r = -0.43, P = 0.03) with type I fiber percentage and positively correlated (r = 0.44, P = 0.03) with type IIb fiber percentage. Therefore, our data indicate that 1) serum IGF-I (collected at weaning) is not an indicator of postweaning RFI, 2) the GH-IGF axis appears to have some involvement with RFI at the molecular level; however, muscle gene expression results were not consistent across cohorts, and 3) low-RFI animals may have the ability to more efficiently maintain and accrete muscle mass due to their fiber type composition, specifically a greater proportion of type I fibers.
INTRODUCTION
Feed efficiency (FE) is a critical component of beef production systems that can have a substantial impact on the overall efficiency of the beef industry. Residual feed intake (RFI) is an FE trait that is moderately heritable (Herd and Bishop, 2000; Arthur et al., 2001 ) and phenotypically independent of the traits used to measure it (Archer et al., 1999; Basarab et al., 2003) ; however, measurement is costly and labor intensive. Therefore, genetic and physiological drivers are being investigated to identify mechanisms underlying variation in RFI and to detect predictive molecular markers of this trait.
Due to the relationship between serum IGF-I and linear growth, IGF-I has been suggested as a potential indicator of RFI, but results have been inconsistent (Johnston et al., 2002; Lancaster et al., 2008) . Recent studies, such as whole-genome association (Barendse et al., 2007) and identification of whole genome SNP (Sherman et al., 2010) , have attempted to identify genetic markers associated with RFI whereas gene expression profiling of differentially expressed genes between animals divergent for RFI has attempted to identify potential candidate genes associated with RFI (Chen et al., 2011) . However, it has been difficult to replicate findings and confirm genetic associations in different populations.
In addition, studies that have evaluated the relationship between RFI and end-product quality suggest that selection for RFI has no negative effects on end-product quality (McDonagh et al., 2001; Baker et al., 2006) ; however, the relationship between RFI and fiber type proportion has yet to be examined and may provide additional insight into the relationship between RFI and end-product quality. Therefore, the objectives of this study were 1) to evaluate the relationship of serum IGF-I concentration and muscle gene expression with postweaning RFI and sire maintenance energy (ME M ) EPD and 2) to determine fiber type composition as it relates to postweaning RFI and finishing phase FE.
MATERIALS AND METHODS
All animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee (2011-3) as required by federal law and University of Idaho policy.
For a more detailed description of sire selection, postweaning RFI evaluation, and finishing phase FE evaluation, refer to Welch et al. (2012) . In brief, a total of 12 Red Angus sires divergent for ME M EPD were chosen using the Red Angus Association of America-generated ME M EPD. Crossbred cows were estrus synchronized and bred by AI over 3 yr, with each sire being represented across 2 to 3 cohorts and 11 out of 12 sires producing 15 or more F 1 progeny. Testing protocols were conducted in a similar manner for evaluation periods within and among cohorts. Within each cohort, steers and heifers were evaluated for postweaning RFI, whereby animals were fed an industrystandard growing ration and BW was recorded every 2 wk during the testing period. After postweaning RFI evaluation, the growing ration was modified in 4 stages to a finishing ration, and steers in cohorts 1 and 3 were evaluated for finishing phase FE. Steers were finished to a target BW of 591 kg (group average) before shipment for harvest at Washington Beef (Toppenish, WA). Due to an occupancy conflict within the testing system, cohort 2 steers were finished at Snake River Farms (AgriBeef Inc., American Falls, ID), and finishing phase FE was not evaluated. Upon completion of both postweaning RFI and finishing phase FE evaluation, ultrasound measurements were recorded to determine ultrasound fat thickness, intramuscular fat, and LM area.
Insulin-Like Growth Factor I Measurements
To determine serum IGF-I concentration at weaning, blood samples were collected via jugular venipuncture, using vacutainer (red-top, 10 mL) venous blood collection tubes (Fisher Scientific, Houston, TX), and allowed to clot overnight at 4°C. Serum was collected by centrifugation (3,000 × g at 4°C for 20 min) and stored at -20°C until IGF-I concentration analysis. Samples were analyzed in duplicate using the Human IGF-I Quantikine ELISA Kit (SG100; R&D Systems, Inc., Minneapolis, MN) having100% cross-reactivity with bovine IGF-I and being previously validated (Moriel et al., 2012) . The mean concentration values of duplicate samples were used for analysis. The mean CV for interassay analysis was 2.9%, and a CV standard of 8% was applied to ensure accuracy between sample duplicates. Sensitivity for minimum detection was 0.04 ng/mL.
Tissue Sampling
Surgical procedures for muscle biopsy were exactly as described (Schneider et al., 2010) . For cohort 1, muscle biopsy samples of the biceps femoris were taken from all steers (n = 25) and heifers (n = 17) following postweaning RFI evaluation (February 2009 ) at approximately 12 mo of age. Following finishing phase FE evaluation, muscle tissue samples were taken again from steers (n = 25) after harvest (May 2009) at approximately 15 mo of age. Due to a greater number of animals in cohort 2, an estimate of postweaning RFI was calculated before completion of the evaluation period. Based on this information, the most RFI-divergent steers (n = 20) and heifers (n = 17) were chosen for biopsy following postweaning RFI evaluation (April 2010) at approximately 14 mo of age. At completion of the postweaning RFI evaluation period, final RFI was calculated, and 87% of the animals previously selected for muscle biopsy retained their estimated RFI status. Biopsy samples were not collected from steers of cohort 2 at harvest or from any animals in cohort 3. Each biopsy sample was divided into two portions. One portion of the sample was snap frozen in liquid nitrogen and stored at -80°C for RNA extraction and the other portion was mounted on cork (perpendicular to the fibers) and frozen in super-cooled isopentane for histochemical fiber type analysis (Pette et al., 1997) .
Ribonucleic Acid Isolation, Quantification, and cDNA Synthesis
Total RNA was extracted from biceps femoris samples using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Isolated RNA was quantified using a Nanodrop ND-1000 UV-Vis Spectrophotometer (Nanodrop Technologies, Wilmington, DE), and total RNA integrity was assessed via 1.5% denaturing formaldehyde agarose gel electrophoresis. All samples were adjusted to a concentration of 2 μg/μL and DNA degradation enzyme treated (Ambion, Foster City, CA) before cDNA synthesis, which was completed using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA).
Quantitative Real-Time PCR
Real-time PCR quantification of mRNA was determined using the Taqman MGB primer and probe system. Primer express 3.0 software (Applied Biosystems) was used to design primer and probe sets for each gene (Table 1 ). An ABI 7500 fast real-time PCR system (Applied Biosystems) was used to determine relative mRNA expression (Chapalamadugu et al., 2009) of genes categorized as GH-IGF axis members or lipogenic or lipolytic genes. Specific genes were 
Fiber Type Composition
Cork-mounted biceps femoris samples were serial cryosectioned (10 μm thick) for histochemical fiber type analysis. Serially sectioned samples were stained using a succinate dehydrogenase stain and a myosin ATP degradation enzyme stain at three different pH values (4.3, 4.6, and 9.4). Staining protocols were adapted from those previously described (Pearse, 1968; Brooke and Kaiser, 1970; Picard et al., 1998) . Images were captured using a Nikon 80i microscope with NIS-BR elements software (Nikon, Melville, NY). For every sample, an image was captured for each stain, printed in color, and used for fiber type counting. A minimum of 250 fibers were counted per image, and the number of fibers (type I, type IIa, and type IIb) was reported as a percentage of the total fiber count for analysis. Representative serial images of fiber type staining are reported in Thornton et al. (2012) .
Computations and Statistical Analyses
One-way ANOVA (GLM; SAS Inst. Inc., Cary, NC) was used to test postweaning RFI quartile (high and low RFI), finishing phase FE quartile (high and low finishing phase FE), and sire grouping (high and low ME M EPD) effects with respect to serum IGF-I concentration, gene expression, and fiber type proportions. Due to variation among cohorts, all statistical analyses were calculated within cohort. Gender was initially tested as a fixed effect; however, if no differences were noted, subsequent analyses were pooled over gender when appropriate. When a significant effect was noted (P ≤ 0.05), least square means were partitioned using pairwise comparisons. Spearman rank correlations were used to quantify relationships of RFI, finishing phase FE, and sire ME M EPD with the parameters previously mentioned. For further gene expression analysis, ΔΔCt values were calculated using the mean ΔCt value for each gene of interest, comparing high to low groups with respect to RFI and sire ME M EPD groups. Using ΔΔCt values, one-way ANOVA (GLM, SAS) was used to obtain P-values. Fold change was calculated as 2 -ΔΔCt (Pfaffl, 2001) . Before analyses, all responses were assessed for normality and homogeneity to meet the assumptions of ANOVA and correlation analyses. Statistical analyses were conducted using the SAS system (version 9.2).
RESULTS

Serum IGF-I
No association (P > 0.05) was observed between RFI and serum IGF-I concentration at weaning in any of the cohorts (Table 2 ). However, negative correlations between sire ME M EPD and serum IGF-I concentration were observed in all cohorts. In cohort 1, there was a marginal (r = -0.30, P = 0.06) correlation between sire ME M EPD and serum IGF-I concentra- Table 2 . Spearman rank correlations of postweaning residual feed intake (RFI) and sire maintenance energy (ME M ) EPD with serum IGF-I levels of Red Angus sired steers and heifers measured at weaning in cohorts 1, 2, and 3 tion of progeny (steers and heifers combined), and that same relationship was highly significant in cohorts 2 (r = -0.31, P = 0.003) and 3 (r = -0.36, P = 0.0006). Both highly significant and marginal correlations were observed between sire ME M EPD and serum IGF-I concentration of steer progeny in cohorts 2 (r = -0.36, P = 0.01) and 3 (r = -0.27, P = 0.10), respectively. In addition, a highly significant (r = -0.50, P = 0.0002) correlation between sire ME M EPD and serum IGF-I concentration of heifers was observed in cohort 3.
Gene Expression (biceps femoris)
In cohort 1, muscle gene expression of IGFBP5 in high-RFI animals was greater (P < 0.05) when compared to that of low-RFI animals (Table 3) . No other associations were detected between other genes of interest and RFI. When analyzing gene expression in terms of sire ME M EPD, IGFBP5 and C/EBPα expression were both marginally different (P ≤ 0.10) between the high and low ME M EPD groups, with animals in the low ME M EPD group showing marginally higher expression levels when compared to levels in the high ME M EPD group. In addition, a significant difference (P < 0.01) and similar pattern of expression was observed for FASN. Muscle FASN was expressed at a greater level in animals from the low ME M EPD group when compared to animals from the high ME M EPD group. No other associations (P > 0.05) were detected between other genes of interest and sire ME M EPD group. Furthermore, Spearman rank correlation analysis determined that expression of C/EBPα was marginally correlated (r = 0.26, P = 0.10) with RFI and not correlated (P > 0.05) with ME M EPD whereas expression of FASN was marginally correlated (r = 0.30, P = 0.06) with RFI and highly correlated (r = -0.38, P = 0.01) with ME M EPD (data not shown).
No differences (P > 0.05) were detected in muscle gene expression between high-and low-RFI quartiles (Table 3) in cohort 2. Expression of IGFBP3 was marginally different (P < 0.10) between the high and low ME M EPD groups, with muscle expression levels in the high ME M EPD group showing marginally greater IGFBP3 expression when compared to its expression levels in the low ME M EPD group. Significant differences and similar magnitudes of IGFBP2 (P < 0.05) and C/EBPα (P ≤ 0.01) expression were detected between ME M EPD groups, with muscle expression levels in the high ME M EPD group being greater when compared to expression levels in the low ME M EPD group. In addition, Spearman rank correlation analysis showed that no other associations (P > 0.05) were detected between other genes of interest and RFI. However, muscle IGFBP2 expression was marginally correlated (r = 0.32, P = 0.09) with ME M EPD and C/ EBPα was correlated (r = 0.34, P = 0.04) with ME M EPD (data not shown).
Fiber Type
No relationships were detected between fiber type composition and RFI when analyzing muscle biopsy samples collected immediately after the postweaning RFI evaluation period for cohorts 1 and 2 (data not shown). Using muscle tissue samples collected at harvest, no differences were observed in the percentage of type I fibers when evaluating high and low quartiles of both RFI and finishing phase FE values of cohort 1 steers; however, percentage differences of type IIa and IIb fibers were detected (Table 4 ). The percentage of type IIa fibers was lower (P ≤ 0.05) in high-RFI steers when compared to low-RFI steers, with a similar trend (P < 0.10) being observed between high and low quartiles of finishing phase FE steers. In addition, the percentage of type IIb fibers was higher (P < 0.05) in high-RFI (and finishing phase FE) steers than in low-RFI (and finishing phase FE) steers. Furthermore, there was a marginal, negative correlation between RFI and type I (r = -0.36, P = 0.08) and IIa (r = -0.37, P = 0.07) fiber percentages whereas a highly significant, positive correlation (r = 0.48, P = 0.01) was observed between RFI and type IIb fiber percentage (Table 5 ). Finishing phase FE was 1 Biopsies were taken immediately following postweaning RFI evaluation. Mean differential cycle threshold (ΔCt) values for each gene were used to calculate ΔΔCt values for comparison of high-and low-RFI quartiles and sire maintenance energy (ME M ) EPD groups (i.e., high ΔCt -low ΔCt = ΔΔCt). One-way "Using ΔΔCt values, a one-way ANOVA was employed to obtain P-values.
2 Cohort 1: n = 42; steers = 25 and heifers = 17. Cohort 2: n = 37; steers = 20 and heifers = 17.
3 Grouping into high (n = 11, 10) and low (n = 11, 10) quartiles was based on the most divergent progeny postweaning RFI values for cohorts 1 and 2, respectively; grouping into high (n = 22, 21) and low (n = 20, 16) maintenance energy (ME M ) EPD groups was based on the most divergent sire ME M EPD values of each progeny for cohorts 1 and 2, respectively.
4 Gene expression was evaluated in both cohorts 1 and 2 using the same genes. However, only those genes with differences in expression between high-and-low RFI quartiles and sire ME M EPD groups are reported.
negatively correlated (r = -0.43, P = 0.03) with type I fiber percentage and positively correlated (r = 0.44, P = 0.03) with type IIb fiber percentage. No relationship (r = -0.31, P = 0.13) was detected between finishing phase FE and type IIa fiber percentage.
DISCUSSION
Systemic concentrations of various metabolic indicators, such as IGF-I (Wood et al., 2004; Lancaster et al., 2008) , have been evaluated at varying time points within the production cycle in an attempt to identify their relationship with FE traits. Physiological differences in metabolic pathways associated with the functioning of the IGF axis may be important factors influencing the variation in RFI. The somatotropic axis is highly conserved across mammalian species, and its functions include molecular signaling involving the IGF ligands (IGF-I and IGF-II), IGF receptors (IGF-IR and IGF-IIR), and multiple binding proteins (IGFBP 1-6). Insulin-like growth factor signaling has been noted as a critical factor in the regulation of skeletal muscle growth, differentiation, and maintenance of muscle tissue homeostasis (Duan et al., 2010) . Due to phenotypic and genotypic relationships with important bovine production traits (Davis et al., 1995; Johnston et al., 2001 ) and its moderate heritability (Davis and Simmen, 2000) , interest has been shown in using serum IGF-I concentration as an indirect selection tool for RFI; however, current reports in the literature are conflicting as to the exact nature of this relationship. Richardson et al. (1996) indicated that there were no phenotypic differences in circulating concentrations of IGF-I at the completion of a 120 d testing period for highand low-RFI animals (276 ± 7 vs. 249 ± 17 µg/mL) fed a roughage-based diet. Lancaster et al. (2008) also reported no associations between RFI of Angus bull and heifer progeny (from parents divergently selected for serum IGF-I concentration) and IGF-I concentrations (weaning and initial) in either study 1 (roughage fed) or study 2 (grain fed). However, Brown (2005) observed positive and negative relationships between RFI and IGF-I concentration when using roughage-and grain-based diets, respectively. Recently, Kelly et al. (2010) sampled systemic IGF-I concentration at d 1, 30, 60, and 84 during the experimental period and reported that IGF-I was unrelated to any measure of FE when evaluating heifers that were consuming a grain-based diet and previously ranked as yearlings for phenotypic RFI. Furthermore, plasma IGF-I concentration at either the beginning or end of the performance test of bulls (10 mo of age) were not different between RFI groupings when they had consumed a primary concentrate diet (Kelly et al., 2011a ). In the current study, all cohorts were fed a roughage-based diet during the experimental period, and no relationship was observed between RFI and IGF-I concentration (at weaning) in any of the cohorts. It is known that production and regulation of systemic IGF-I within the mammalian endocrine system is influenced by plane of nutrition, and diet type (i.e., roughage based vs. grain based) has been implicated as a factor influencing the relationship between RFI and IGF-I concentration. However, it is still not clear if diet type, growth stage, or the confounding of diet type and growth stage may be drivers of variability in circulating (systemic) concentrations of IGF-I and thus its relationship with RFI. Due to the inconsistencies reported among these studies, there does not appear to be a direct association between RFI performance and systemic IGF-I concentration at the phenotypic level.
In contrast, other studies have identified an association between these two variables at the genetic level, indicating that a relationship may exist. Johnston et al. (2002) reported positive genetic correlations (0.56 ± 0.35 and 0.39 ± 0.13) between RFI and serum IGF-I concentration, measured from 2 different data sets where temperate and tropically adapted breeds were evaluated for RFI and sampled for IGF-I at various time points. 2 Steers were grouped into high (n = 7) and low (n = 7) quartiles based on RFI and FE values. In addition, Moore et al. (2005) reported a positive genetic correlation of 0.41 ± 0.21 between RFI evaluated at approximately 11 mo of age and IGF-I concentration measured either at or before weaning (average age 201 d) or postweaning (average age 310 d) in Australian Angus seedstock cattle. This correlation later increased to 0.57 ± 0.25 when statistical analysis included only RFI and IGF records from contemporary groups containing common sires, indicating that genes responsible for greater IGF-I concentration were also associated with increased RFI. Data analyses from Johnston et al. (2002) and Moore et al. (2005) initially suggested that, due to the moderate to strong genetic correlations of RFI with IGF-I concentration, IGF-I could serve as a potential indicator of RFI performance. However, Wolcott et al. (2006) sampled IGF-I concentration at postweaning, feedlot entry, and feedlot exit for Brahman and tropical composite yearling steers and reported a negative genetic correlation between feedlot-evaluated RFI and IGF-I concentration. When data were pooled and both breeds were analyzed together, the negative genetic correlation between RFI and IGF-I remained. Noticeably, stage of maturity can alter the observed relationship between RFI and IGF-I concentration. The physiological actions of IGF-I include stimulation of protein synthesis and inhibition of protein degradation, thereby improving protein retention and inducing muscular hypertrophy (Oddy and Owens, 1996) . These complex interactions suggest that cattle evaluated for RFI at approximately 8 to 10 mo of age would be expected to have proportionally greater lean tissue growth and thus increased IGF-I concentration compared to older cattle entering the finishing phase at approximately 12 to 14 mo of age. This concept may have been a factor influencing the positive association between RFI and IGF-I concentration observed by Moore et al. (2005) although also contributing to the negative relationship observed by Wolcott et al. (2006) . Johnston (2007) later reported IGF-I concentration to have a positive genetic correlation (0.17 ± 0.11) with postweaning RFI and a negative genetic correlation (-0.22 ± 0.16) with feedlot-evaluated RFI. Johnston (2007) further stated that the accuracy of using IGF-I concentration to predict breeding values for RFI was reduced and that the polygenic nature of RFI differed between the postweaning and feedlot test periods, indicating that the expression of genes responsible for IGF-I concentration differ as cattle become more physiologically mature. Recent studies have examined the bovine genome in reference to RFI, identifying potential QTL and SNP associated with the trait. However, very few studies have examined the contribution of key genes associated with metabolic processes such as muscle metabolism, oxidative phosphorylation, and cellular energetics. Because skeletal muscle accounts for a large proportion of body mass and has high metabolic demands, investigating the regulation of important metabolic pathways within this tissue may provide insight into the physiological mechanisms associated with RFI and the variation that exists within this trait. It is well documented that the somatotropic axis greatly influences growth and muscle metabolism (Florini et al., 1996; Oksbjerg et al., 2004; Duan et al., 2010) , which indicates that this system could have substantial effects on the overall energetic efficiency of feed efficient animals. In addition, the utilization of carbohydrates and lipids for energy deposition and mobilization within skeletal muscle is also of importance due to the differential metabolic costs of energy storage and partitioning associated with these substrates.
Growth hormone receptor is a transmembranebound receptor found in many tissues throughout the body, and it is activated by the binding of GH. The release of GH and subsequent receptor binding is a main activator of the somatotropic axis and therefore an important regulator of postnatal growth. When considering tissue proportion in relation to body mass, skeletal muscle is quantitatively the major site of GH binding, initiating such cellular events as mitosis and differentiation, protein turnover, and lipid metabolism (Pell and Bates, 1990) . Conducting a whole-genome association study, Barendse et al. (2007) reported that DNA variants in or near proteins contributing to cellular energetics were 10 times as common as those affecting appetite and body-mass homeostasis whereas the largest group of variants consisted of those associated with gene regulation (i.e., control of the phenotype). Sherman et al. (2008) indicated that a SNP located in intron 4 of the GHR gene was associated with animal BW (dominance effect) and RFI (allele substitution effect). Chen et al. (2011) using global gene expression profiling revealed no statistical difference in the GHR expression of the liver using real-time PCR although expression of GHR appeared to be higher in high-RFI animals as suggested by microarray. In contrast, Kelly et al. (2013) reported that GHR expression was greater in the LM of low-RFI animals compared with their high-RFI contemporaries. In the current study, no associations were found between GHR expression and RFI, but an association was observed between IGFBP5 expression and RFI, with IGFBP5 expression being greater in high-RFI animals. In addition, Chen et al. (2011) observed that liver IGFBP3 expression was higher in low-RFI animals using both microarray and real-time PCR studies. Kelly et al. (2013) did not detect any differences between RFI groupings regarding the expression of IGFBP3 or IGFBP5 in skeletal muscle tissue. These studies suggest that the somatotropic axis may be involved in the regulation of RFI; however, the data are derived from too few animals precluding any deduction of the direction and magnitude of these relationships.
Various physiological aspects associated with energetic efficiency and homeostasis have been implicated as contributors to phenotypic differences in growth rate and FE of livestock and thus sources of variation resulting in the RFI phenotype (Herd and Arthur, 2009) . Mitochondria are involved in the regulation of cellular homeostasis, being numerous in metabolically active cells (i.e., liver, muscle, and brain cells) and producing approximately 90% of cellular energy as ATP. Studies investigating differences in mitochondrial function and biochemistry as they relate to growth performance and FE status of various livestock species have been published (Bottje et al., 2002; Kolath et al., 2006; Bottje and Carstens, 2009) . A dominant regulator of mitochondrial biogenesis and lipid metabolism is PGC1-α, with its expression being specific in highly oxidative tissues such as brown adipose, muscle, and liver (Wu et al., 1999; Puigserver, 2005) . Kelly et al. (2011b) found that PGC1-α expression was higher in the muscle of low-RFI animals and detected a negative relationship between PGC1-α and DMI, RFI, and feed conversion ratio (FCR). Expression of PGC1-α was not associated with RFI in the current study. In adipose tissue, PPAR-γ is a dominant regulator of expression of genes that encode proteins essential for adipocyte differentiation and is also involved in the uptake and metabolism of fatty acids (Tontonoz et al., 1995; Rosen et al., 1999) . In addition, a functional relationship exists between PPAR-γ and C/EBP-α, whereby the activation of PPAR-γ leads to the activation of C/EBP-α and both transcription factors work together to promote differentiation (Loftus and Lane, 1997) . The existence of these genes and their metabolic function in adipose tissue has been well defined; however, even though these genes are thought to have a similar presence and function (activation of lipogenesis in muscle tissue), reports regarding their exact nature are sparse. Kelly et al. (2011b) indicated that RFI phenotypes were not different regarding muscle (LM) PPAR-γ mRNA expression although PPAR-γ was negatively associated with FCR (r = -0.53) and tended to be negatively associated with RFI and DMI. There were no differences detected in PPAR-γ mRNA expression between high-and low-RFI groups in the current study. Even though no relationship was observed between RFI and PPAR-γ expression in this study, C/EBP-α expression tended to be positively correlated with RFI. In addition, expression of FASN, an important regulator of fatty acid synthesis, was also higher in high-RFI animals. Data analyses from the aforementioned studies indicate that activation of lipogenic pathways in muscle tissue may be associated with RFI. From these observations, it can be inferred that more efficient animals (low RFI) may have the genetic potential to simultaneously regulate the uptake and metabolism of fatty acids, where inefficient (high-RFI) animals may increase their production of fatty acids without concordantly increasing uptake and metabolism. These differences could be potential contributors to variation in metabolic efficiency and thus variation in RFI.
Fiber type composition is an important aspect of energy metabolism as well as end-product quality. However, to the authors' knowledge, there are no studies to date that examine the relationship between fiber type and RFI. It has been previously shown that the effects of IGF-I on skeletal muscle are associated with anabolic growth and modulation of muscle catabolism in both heifers (Hill et al., 1999) and rodents (Smith et al., 2008) . Furthermore, changes in fiber type have the potential to contribute to variation in FE as outlined below. Our data analyses suggest that type IIb fibers are more abundant in high-RFI (inefficient) steers whereas type I fibers may tend to be more abundant in low-RFI (efficient) steers. According to Harrison et al. (1996) , energy expenditure per unit of tension developed is lower in type I fibers (oxidative) than in type IIb fibers (glycolytic). When thinking about the variation in FE, the goal is to select for and produce the most efficient cattle in terms of energy usage and weight gain. In the context of fiber type, it is important to think about FE in relation to muscle energy utilization. In this proposed scenario, feed efficient (low-RFI) animals, having similar gain and muscle mass and having a greater proportion of type I fibers, are able to produce similar weight gain with a relatively lower feed intake compared to their contemporaries. For individual animals whose muscles contain a relatively greater proportion of type I fibers compared to type IIb fibers, it is this difference in muscle fiber type that may contribute to the variation in FE. In relating this hypothesis to local availability of IGF-I in partitioning fiber type and muscle hypertrophy, there is literature to support enhanced paracrine responses to IGF-axis activity in promoting type I fiber composition (Musaro et al., 2001; Mavalli et al., 2010) . This may suggest that higher, local levels of IGF-I are available due to either increased tissue synthesis or from lower expression of inhibitory binding proteins. It has been suggested that IGF-I-induced skeletal muscle hypertrophy is due to local production of IGF-I via autocrine and/or paracrine effects rather than circulating IGF-I (Bamman et al., 2001) , which may be a potential contributor to the variability observed in studies looking exclusively at serum IGF-I levels. Furthermore, as noted above, IGF-I has been implicated as a stimulator of protein synthesis and an inhibitor of protein degradation, thus improving protein retention (Oddy and Owens, 1996; Hill et al., 1999) consistent with higher local IGF-I in muscle of feed efficient animals.
Energetic efficiency is an intricate process associated with and dependent on various factors, as noted above. Welch et al. (2012) discussed sire ME M EPD in context of the relationship that may exist between maintenance energy and RFI, which also alluded to the importance of overall energetic efficiency. Based on this concept, measurements that could provide substantial input regarding variation in RFI were also analyzed in terms of sire ME M EPD. In the present study, a negative relationship was observed between sire ME M EPD and progeny IGF-I concentration (weaning). Data analyses indicate that disconnects may exist between the heritability of ME M EPD and the concentration of IGF-I (measured at a specific time) whereas a higher serum IGF-I concentration is associated with lower sire ME M EPD. There is increased variability associated with measurement of serum or circulating IGF-I due to the intricate relationship that exists between IGF-I and GH, whereby the release of GH, which is regulated in a pulsatile and diurnal manner, stimulates the release of IGF-I from other systemic tissues into circulation. When thinking about this relationship in biological terms, an increased concentration of IGF-I would be related to an increase in maintenance of lean muscle tissue and thereby an increase in the ME M ; however, the negative relationship observed in this study suggests otherwise. Because progeny ME M was not determined, it is difficult to conclude if ME M is in fact negatively associated with IGF-I concentration. In addition, results of GH-IGF axis and lipogenic gene expression were opposite in direction and magnitude between cohorts, indicating that different sires across the cohorts may have imposed a genetic influence on energetic efficiency independently of sire ME M EPD. For a complete discussion regarding the influences of sire ME M EPD on fiber type composition and end-product quality, the reader is referred to Thornton et al. (2012) .
Implications
This study evaluated physiological mechanisms and pathways that may at least partially account for the variation in RFI and thereby demonstrate the complexity of the RFI trait. Although no phenotypic relationship was observed between serum IGF-I concentration and RFI in this study, context from other published findings suggests that a relationship may exist between IGF-I concentration and RFI at the genetic level, indicating that the IGF axis may be a factor driving variation in RFI. In addition, various metabolic pathways were investigated within the context of RFI to determine potential candidate genes that may influence its variation. At this time, current reports are inconclusive as to the exact underlying physiological mechanisms controlling RFI, but findings from this study provide a basis for further research. Because previous findings have suggested that RFI does not negatively impact end-product quality, observed differences in fiber type composition between RFI groups suggest that fiber type composition may be a component contributing to the variation in RFI but will require further investigation to determine if this is in fact a source of variation.
